INTRODUCTION
The Permian (late Leonardian to Guadalupian) Phosphoria Formation is famous for its phosphates, from which it derives its name. According to Sheldon (1989) , the Phosphoria Formation contains 1.7 × 10 12 t of P 2 O 5 , which is more than six times the amount of P 2 O 5 currently in the world's oceans. The Phosphoria Formation locally contains as much as 32.9% total organic carbon (TOC) (Dahl et al., 1993) and serves as a source rock for many oil fields in Wyoming (Claypool, 1978) . Many studies have focused on the complex stratigraphy and highly interbedded facies of the Phosphoria Formation (McKelvey, 1959; Tisoncik, 1984; Maughan, 1995) . Basic organic geochemistry has been done for regional thermal maturity (Claypool, 1978) and TOC concentrations (Maughan, 1995) . Previous biomarker analyses for the Phosphoria Formation were done for a single location in southwestern Montana and characterized four members of the formation on the basis of biomarker distribution (Dahl et al., 1993) . Many studies have proposed upwelling in the Phosphoria sea (Sheldon, 1989; Parrish, 1982; Maughan, 1995) , and some have suggested high salinity (Hite, 1978; Dahl et al., 1993) and anomalously warm waters (Hiatt, 1997) . This paper presents additional evidence for the presence of salinity stratification and, through a combination of organic geochemistry, sedimentology, and stratigraphy, we propose a paleoceanographic model of the Phosphoria sea during the deposition of organic-and phosphate-rich facies.
SETTING
The Phosphoria Formation was deposited primarily in Wyoming, eastern Idaho, southwestern Montana, and northern Utah. The roughly 4 × 10 5 km 2 Phosphoria basin is a successor basin of uncertain origin. In the late Leonardian through Guadalupian, a transgression inundated the Pennsylvanian-Early Permian Wood River, Sublett (or Cassia), and Oquirrh basins as well as much of the Wyoming shelf. This inundated area became the Phosphoria basin, which was bounded to the north by the Milk River uplift in western Montana, on the south by the Confusion shelf and Front Range uplift, and on the east by broad evaporation basins (Maughan, 1995;  Fig. 1 ).
The Phosphoria sea was between about 10°a nd 20° N, on the basis of the position of the paleomagnetic pole (Sheldon, 1964) . Prior to the deposition of the Phosphoria Formation, Pennsylvanian to Early Permian sand dunes dominated the Wyoming shelf. During the inundation of the shelf, dunes are not known, but eolian silt was apparently blown off the exposed craton to the north and subaqueously deposited onto the Wyoming shelf (Carroll et al., 1998) . Atmospheric models (Parrish, 1982) put the Phosphoria basin within the Northern Hemisphere trade wind belt. Evaporites on the eastern margin of the Phosphoria basin and in adjacent basins were deposited contemporaneously with organic-rich facies of the transgressive Meade Peak and Retort Members of the Phosphoria Formation (Fig. 1) .
Salinity stratification in the Permian Phosphoria sea; a proposed paleoceanographic model 
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METHODS
Field observations and core descriptions were made for 14 locations in eastern Idaho, northern Utah, northwestern Colorado, and southwestern Wyoming. A cross section across the field area was constructed, using gamma ray and resistivity logs, core data, and formation tops reported from petroleum exploration wells, to show regional stratigraphy and facies relationships (Fig. 2) . For organic geochemical analyses cores and artificial exposures were used when possible due to weathering affects. At Soda Springs, Idaho, 66 samples were taken at regular intervals for average TOC. Samples for organic geochemistry were taken from five locations and screened using Rock-Eval pyrolysis, which was done by Exxon Petroleum Research laboratories using standard techniques (Peters, 1986) . Samples with low TOC percentages, high thermal maturities, or migrated oil were not used for further analyses. On this basis, samples from Sheep Creek Canyon, Utah, and the Conoco unit one well in Carbon County, Wyoming, were found suitable to be analyzed for biomarkers.
Biomarker analyses were done in the organic geochemistry laboratory at Stanford University. Samples were crushed and placed in Soxtec extractors. They were then refluxed for 5 hr in a 2:1 ratio of methanol and toluene. Saturate, aromatic, and polar fractions were separated by high-performance liquid chromatography. Multiple ion detection gas chromatograph-mass spectrometer (GCMS) analyses were completed on saturate and aromatic fractions, using a Hewlett-Packard 5890 Series II gas chromatograph interfaced to a VG Trio-1 quadrupole mass spectrometer. A more detailed description of biomarker analytical methods can be found in Peters and Moldowan (1993) .
SEDIMENTOLOGY
The field area is divisible into two distinct regions on the basis of sedimentology and organic carbon concentration: the mid-shelf and shelf margin. The shelf referred to is the Wyoming shelf: this is a segment of the ancestral Rocky Mountain shelf province and a term informally used to describe a broad area of Paleozoic shelf carbonates, eolian sandstones, and other facies between the more basinal areas of central Idaho and Utah on the west and the Williston and Alliance basins on the east (Peterson, 1980) . The mid-shelf, as shown in the cross section (Fig. 2) , was a broad, flat area extending across central Wyoming with a gradient of, at most, 11-12 cm/km. The shelf margin, which is currently in the Sevier thrust belt, was a transitional area between the broad platform of central Wyoming and more basinal areas of central Idaho. In a palinspastic reconstruction Tisoncik (1984) portrayed the shelf margin as a series of troughs and ridges with reliefs of 75-120 m.
The Meade Peak Member of the Phosphoria Formation shows an onlapping relation from west to east, which occurred during transgression onto the Wyoming shelf (Fig. 2) . At the shelf margin, the base of the Meade Peak Member is dominated by meter-scale beds of phosphorites in the form of phosphatic peloidal packstone. Phosphatic peloids form from organic phosphate during early diagenesis (Glenn et al., 1994) . Bedding on these phosphorites is planar with subfissile partings. These beds are dark gray to almost black in both core and outcrop and show no visible evidence for current activity. Although some Chondrites were observed in beds of the Meade Peak Member at Soda Springs, Idaho, which may suggest occasional suboxic conditions, most of the member at the shelf margin has no trace fossils, suggesting anoxic conditions (Byers, 1977) . Above the lower phosphorite beds at Soda Springs are laminated, organic-rich siltstones; the laminations are planar and formed by variations in organic content. Silt of the siltstone is well sorted, contains very little clay, and appears to be of eolian origin (Carroll et al., 1998) 
Across the Wyoming shelf, the phosphorites and organic-rich siltstones of the Meade Peak Member decrease from west to east from meterscale to centimeter-scale beds (Fig. 2) . The organic-rich siltstones pinch out at the boundary between the mid-shelf and shelf margin, but the phosphorites are present across much of the midshelf. Carbonates on the mid-shelf commonly have evaporite molds. In the eastern portion of the study area, Meade Peak equivalent strata are dominated by evaporites and fine-grained siliciclastic rocks (Fig. 1) .
Unlike the shelf margin, the phosphorites on the mid-shelf locally contain evidence of current activity, which includes decimeter-scale graded beds, wispy laminations, and possible trough cross-stratification. The clearest evidence of current activity is at Vernal, Utah (Fig. 1) , where decimeter-scale beds initiate above scoured surfaces, consist of a basal, poorly sorted assemblage of coarse phosphatic peloids and phosphatized shell fragments, and grade into a mix of argillaceous dolomite and finer peloids with wispy laminations. Thalassinoides and Chondrites, which are associated with suboxic environments (Byers, 1977) , are common on the mid-shelf.
ORGANIC GEOCHEMISTRY
The TOC percentages on the mid-shelf are more than an order of magnitude less than those on the shelf margin. Core samples from Soda Spring, Idaho, have TOC of as much as 15.43% (Table 1) . If the effects of high thermal maturity are negated, the estimated original TOC concentrations at Soda Springs are roughly twice their present value (Raiswell and Berner, 1987) or as much as 30.86% with average original TOC concentrations of about 10% for the phosphorites and 13.5% overall. In comparison, the highest TOC value from the midshelf is 0.74% at Sheep Creek. 900 GEOLOGY, October 1999 Gas chromatography-mass spectrometry was used to identify and measure various biomarkers. The norneohopane/(norneohopane and neohopane) ratio, abbreviated as Ts/(Ts+Tm), indicates thermal maturity (Peters and Moldowan, 1993) . The Sheep Creek samples with peak height ratios of 0.06 and 0.07 are thermally less mature than the Conoco unit one samples with ratios of 0.46 and 0.47. Gammacerane is indicative of a stratified water column, usually associated with hypersalinity (Peters and Moldowan, 1993; Sinninghe Damsté et al., 1995) . Gammacerane is often presented as a ratio with the C 30 hopane peak as a standard of comparison. The C 30 hopane is bacterially derived and common in all source rocks (Peters and Moldowan, 1993) . Gammacerane/C 30 hopane ratios for Conoco unit one are 0.26 and 0.23 and for Sheep Creek are 0.12 and 0.18 (Table 1) .
DISCUSSION
For this discussion the two sampling localities that proved suitable for biomarker analysis, Sheep Creek and Conoco unit one, are combined with the organic geochemical results from the study of Dahl et al. (1993) in Little Sheep Creek, Montana. These combined sampling localities span the field area from the shelf margin at Little Sheep Creek (Dahl et al., 1993) to the central mid-shelf at the Conoco unit one well. Direct numerical comparisons of biomarker ratios between the three sampling localities should be done with caution due to varying thermal maturities. Gammacerane, however, is relatively less affected by thermal maturity and is present in moderate concentrations in all of the samples from the three locations. Gammacerane is derived from tetrahymenol, which is synthesized by bacterivorous ciliates living in a stratified, usually hypersaline, water column (Harvey and McManus, 1991) . In modern, salinity stratified environments, gammacerane-producing ciliates feed on purple sulfur bacteria and sulfide-oxidizing bacteria at or below the chemocline (Sinninghe Damsté et al., 1995) . In ancient environments abundant gammacerane is often associated with crude oils from lacustrine and marine, hypersaline, depositional environments (Peters and Moldowan, 1993 , and references cited therein). Moderate levels of gammacerane and sedimentological evidence for hypersalinity suggest that salinity stratification existed in both the shelf margin and mid-shelf environments.
Upwelling and salinity stratification apparently coexisted in the Phosphoria sea. Paleoclimatic models and the distribution and abundance of phosphorites suggest that the organic-and phosphate-rich facies of the Phosphoria Formation were deposited in a zone of oceanic upwelling. Phosphorites often form in zones of oceanic upwelling as a result of high primary productivity and the accumulation of organic phosphate in the sediment (Glenn et al., 1994) . Modern phosphorites are forming at sites of modern upwelling, such as coastal Peru and Namibia (Glenn et al., 1994) . Phosphoria Formation phosphorites are most abundant at the shelf margin, proximal to the site of proposed upwelling. Atmospheric models show that the Phosphoria sea was in a favorable paleogeographic position for upwelling in the Permian (Parrish, 1982) . Unlike most modern settings, upwelling in the Late Permian of western North America was proximal to a shallow evaporative sea rather than an abrupt continental margin.
PALEOCEANOGRAPHIC MODEL
During the deposition of the Meade Peak Member of the Phosphoria Formation, upwelling water was flowing into a density stratified basin (Fig. 3) . Evaporative basins to the east of the Phosphoria sea were the likely source of the dense brines, which composed the lower part of the stratified water column. Dense hypersaline water would have followed a general bathymetric gradient from the shallow evaporative basins of eastern Wyoming toward the open ocean of western Idaho. Palinspastic reconstruction of the shelf margin (Tisoncik, 1984) suggests that the Phosphoria sea may have had sills that impeded the escape of the hypersaline water. The flat Wyoming shelf, with a gradient of about 11-12 cm/km, also provided little gravitational energy to move the hypersaline bottom water (Fig. 2) . The upwelling currents were lighter than the dense hypersaline water and formed the upper layer of the stratified water column. This nutrient-rich water may have been drawn on to the shelf by Ekman transport, driven by the trade wind belt, and evaporation of the Phosphoria sea. High primary productivity in surface waters accompanies zones of upwelling (Glenn et al., 1994) . In modern environments, aerobic biodegradation of the organic matter in the highly productive upwelling zone depletes oxygen and forms an oxygen minimum zone (OMZ). Currently in Peru, the OMZ forms roughly between 100 and 600 m below sea level, and in the OMZ anoxic water preserves organic carbon in the sediment (Glenn et al., 1994) .
The organic-rich siltstones of the Meade Peak Member at Soda Springs have a high TOC percentage, a general lack of burrows, and planar laminations with no evidence of current activity, suggesting deposition below storm wave base and within the OMZ. On the mid-shelf both Thalassinoides and Chondrites are common in the Meade Peak Member, suggesting greater periods of suboxic conditions (Byers, 1977 mid-shelf was perhaps too shallow or too far away from the zone of upwelling to accumulate as much organic-and phosphate-rich sediment as the shelf margin. Graded beds and wispy laminations in the Meade Peak Member of the mid-shelf may be due to reworking of the sediment during lowstands (Hendrix and Byers, 1999) . During regressions the Phosphoria sea was probably too shallow to maintain stratification, and carbonates, evaporites, and fine-grained siliciclastic material were deposited as the Franson and Ervay Members of the Park City Formation (Fig. 2) . The closest modern analog of the Phosphoria salinity-upwelling model may be Bocana de Virrilá, Peru. This hypersaline, relict estuary draws in upwelling water from the Peruvian coast and has 6%-9% TOC in sediment near the mouth of the estuary (Brantley et al., 1984) . Bocana de Virrilá, however, has a maximum depth of 3 m and may be a better analog for parts of the midshelf rather than the shelf margin. Other possible analogs are the late Tertiary foreland basins of Peru. The late Tertiary phosphatic sediment of these subsided, silled basins contains hypersaline pore water. Ten Haven et al. (1990) noticed enhanced rates of organic matter preservation in these sediments and suggested that density stratification of the water column may be responsible.
CONCLUSIONS
The Phosphoria Formation incorporates the effects of both upwelling and salinity stratification. This combination may affect the distribution and abundance of TOC concentrations in the Meade Peak Member. At Soda Springs the average original TOC concentrations for the Meade Peak Member are about 10% for the phosphorites and 13.5% overall. At Little Sheep Creek, TOC concentrations for the Meade Peak Member are as much as 32.9% and average about 12% (Dahl et al., 1993) . In modern upwelling environments the average TOC concentrations are 5.5% for Peru, 4.4% for the Gulf of California, and 6.1% for Benguela (Emeis et al., 1990) . Anoxic, salinity stratified bottom water chemically preserves organic matter in the sediment (Wignall, 1994) , which may help explain the abundant TOC in the Phosphoria Formation. This combination of upwelling and salinity stratification, which generated and preserved organic carbon in the sediment, may have also contributed to the generation and preservation of phosphate in the Phosphoria Formation.
